The definition of a phase shift of triplet periodicity (TP) is introduced. The mathematical algorithm for detection of TP phase shift of nucleotide sequences has been developed. Gene sequences from Kegg-46 data bank were analyzed with a purpose of searching genes with a phase shift of TP. The presence of a phase shift of triplet periodicity has been shown for 318329 genes (~10% from the number of genes in Kegg-46). We suppose that shifts of the TP phase may indicate the shifts of reading frame (RF) in genes. A relationship between the phase shifts of TP and the frame shifts in genes is discussed.
Introduction
Mutations in gene sequences arise as substitutions, deletions and insertions of DNA bases, and as deletions, insertions and inversions of the whole DNA fragments [1] [2] . Substitutions of DNA bases can induce substitutions of amino acids in protein, and a substitution of one base can change only one amino acid in amino acid sequence. These amino acid alterations very often have a strong influence on protein structure and protein ability to perform its biological function [3] . However, deletions or insertions of DNA bases can change long amino acid sequence due to the shift of a reading frame (RF) in a case when a size of deletion or insertion is not divisible by 3. Amino acid sequences downstream the point of RF shift are changed. In this sense deletions and insertions can be considered as more important evolutionary events than base substitutions. The influence of RF shifts on protein function has been studied relatively poorly due to the difficulty of detection of RF shifts. Though, it is very interesting to study the influence of RF shifts on protein function. If protein does not lose its biological function because of RF shift, it is possible to suggest two hypotheses. Firstly, RF shift may change the unimportant part of protein, and this change of amino acid sequence can not influence the protein function. Secondly, we can suppose that RF shift could create amino acid sequence with similar amino acid function. It is very interesting to find the laws of changes of the amino acids in amino acid sequence that allow to create new amino acid sequences with the same function as initial one has. If upon RF shift the biological function of amino acid sequence has been changed, it is very interesting to reveal the types of amino acid sequence changes which have lead to development of a new biological function of a protein.
The results of such studies could be used for designing artificial proteins having the necessary biological functions.
The better understanding of the RF shifts influence on protein structure and function will be possible if we develop the mathematical method for the better detection of RF shifts in the known gene sequences. Currently the main method of searching for RF shifts is based on searching for similarities between amino acid sequences with a help of BLAST program or similar programs [4] [5] [6] [7] [8] . To search for a similarity we should find the gene region in which we suppose the RF shift to occur. Then we should translate this gene region according to the new frame into the hypothetical amino acid sequence. After this we search for the similarities of this hypothetical amino acid sequence in Swiss-prot data bank. We can say that the analyzed gene has a RF shift if we have found the statistically significant similarities in Swiss-prot data bank for a hypothetical amino acid sequence, i.e. if we have found that such hypothetical amino acid sequence does really exist. Some hundreds of genes have been revealed by these methods in which we can suppose the presence of frame shifts with a large probability [4] [5] [6] [7] [8] .
This method of searching for the frame shifts in genes has some limitations. Firstly, we should choose, using some features, the gene, in which we can assume the presence of a frame shift, and then we should find the gene region in which this frame shift is possible. The total search of the frame shifts for all known genes may require large computer capacities. Secondly, even if we could solve the first problem, the Swiss-prot data bank should contain the amino acid sequences which have the statistically significant similarity with the hypothetical amino acid sequence. But these sequences can be absent because of limited volume of the data bank or since the amino acid sequences have accumulated the high level of differences. As a result, the use of similarity search can reveal only some part of the RF shifts that currently exist in genes.
For more successful revealing of the RF shifts, it is necessary to develop the alternative method for searching of RF shifts to replace the similarity search between hypothetical and real amino acids sequences. The shift of a phase of triplet periodicity (TP), as we will show in the present work, can be a signal of a presence of RF shifts in genes. TP of DNA coding sequences is a common property of all known living organisms [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , and it is associated with the gene reading frame [20, 21] . The reasons of relation between RF and TP are the genetic code structure (which is almost identical for prokaryotes and eukaryotes), saturation of proteins with certain amino acids, and uneven using of the synonymous codons [22] [23] [24] [25] . If a shift of RF takes place in gene, and at the same time a nucleotide sequence of a gene has TP, then this shift can be observed as a shift of the phase of TP (Fig 1) . This shift remains for a long time because the TP of DNA sequence is difficult to be changed by a few number of DNA substitutions [26] . The presence of a phase shift of TP in gene sequence may serve as an indicator of possible RF shift in the analyzed gene.
At a present time the methods for searching of TP have been developed which use the regularities of nucleotide preferences in different positions of triplets of gene sequence. Fourier transformation, hidden Markov models and other statistical methods were used for revealing TP [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The methods applied were directed on searching for coding regions of genes and separating them from the non-coding regions. The method of information decomposition has been proposed later for searching TP [26] [27] . It allows introducing the definition of a class of triplet periodicity as a matrix with dimensions 4x3. The columns represent the positions in triplets, and the rows represent the DNA bases.
Two problems are being solved in the present work. Firstly, we would like to find all genes from Kegg data base having a phase shift of TP. In this paper, mathematical approach for revealing of a phase shift of TP in DNA sequence is developed. Two sequences located one after another, each having the length from 60 to 600 bases, are selected for the search of a shift of TP phase, wherein the length of sequences is divisible by 3. First base of the first and the second sequence always corresponds to the first base of the codon of the RF existing in gene. Then we calculate four matrices of triplet periodicity [26] [27] . First matrix corresponds to the RF in the first sequence, while the second one corresponds to the RF in the second sequence. Two matrices left are calculated with a shift on one and two bases, respectively, in the second sequence, and these two matrices correspond to two alternative RFs in the second sequence. It is possible to say that the phase shift of TP is observed between two sequences if the first TP matrix is more similar to the third or fourth TP matrix than the second one. The Kegg data bank was analyzed by the mathematical method developed, and we have found 318329 genes with statistically significant phase shift of TP which may indicate the presence of RF shifts in these genes.
Secondly, we would like to test an assumption that hypothetical amino acid sequences (created with using RF defined by the TP) have the similarities with amino acid sequences from Swiss-Prot data bank. We performed such a testing for regions of genes where the shift of TP phase has been found. We have confirmed the existence of shifts of RF for a part of genes because the statistically significant similarities between some hypothetical amino acid sequences and amino acid sequences from Swiss-prot data bank have been found. (2) and s (3) , which is a member of the first position of the first coding triplet of RF T 1 , T 2 and T 3 , respectively. According to this, the initial phase of TP determined by matrices M 1 , M 2 , M 3 equals to 1, 2 and 3, respectively. Then we should define the conditions which show us the existence of TP phase shift after the base s(x) in a sequence S. Firstly, TP should exist in the sequence S. Conditions of TP presence and quantitative measure for revealing TP in a sequence S, or in any its subsequence, are shown below in chapter 2.2. Secondly, we should introduce the quantitative measure of a difference between TP matrices. Let us introduce some function U and let us assume that two TP matrices are similar to each other if U≤U 0 . Otherwise we consider two TP matrices as different matrices. The detailed description of the function U is given in a chapter 2.3. We assume that a sequence S after base s(x) has a phase shift of TP on 1 base if next conditions are implemented simultaneously:
We assume that a sequence S after base s(x) has shift of TP phase on 2 bases if the following conditions are valid simultaneously:
If the following conditions are valid:
than we assume that phase of TP after base s(x) remains without a change , i.e. shift of TP phase equals zero in this case. Shift of a phase is calculated as difference of initial phases of TP matrices for subsequences S(x+l,L) and S (1,x) which are the members of first formula of the conditions (1-3). Shift of TP phase on 1 or 2 bases corresponds to insertion of 1+3n or 2+3n bases (or deletion of 2+3n or 1+3n bases) after the bases s(x), n=0,1,2,3…
Triplet periodicity of a sequence S
TP matrices can be considered as cross-tabulated data [34] . Let us consider the M 1 matrix. For the matrices M 2 and M 3 all conclusions will be analogous. The rows of a matrix M 1 represent the bases of a sequence S, while the columns represent the base positions in coding triplets of the RF T 1 . We conclude that the sequence S has a TP if there is a correlation between bases and base positions. We may suggest that this correlation exists if mutual information I 3 between bases of a sequence S and base positions in the coding triplets is greater than some value I 0 [21] . Mutual information is calculated with a help of formula [34] : 
The accordance of 2I 3 to the 2 distribution with 6 degrees of freedom and of Х 3 to the standard normal distribution is observed for sufficient volume of statistical data, i.e., for sufficiently large length of a sequence S. We have tested the accordance of 2I 3 to 2 distribution for different lengths of a sequences S to determine the minimum value of L for which it is still possible to use 2 distribution. The random number generator was used to generate the sets of random DNA sequences for each length from the interval from 30 to 1000
bases. Each set contained 10000 random sequences. Mutual information was calculated for all sequences from each set, and distribution of 2I 3 .was calculated for each set. Then this distribution was compared with the theoretical distribution of 2 . The distribution of 2I 3 corresponds to 2 distribution for the length L>60 bases with a probability greater than 95%.
All sequences considered in the present work were longer than 60 bases. This allows using of the 2 distribution in the present work for statistical estimations of probability that 2I 3 is present in the interval from some 2I 0 . to ∞. We searched for the shift of TP phase in a sequence S, if for both subsequences S (1,x) and S(x+l,L) the value X 3 was greater than 2.0. It gives the probability less than 0.05 that the TP is random.
2.3
Algorithm of searching for the TP phase shift Let x shows the position of a base s(x) in a sequence S, and let x be chosen as L 1 +3n, where x+1, x+L 1 ) . Then for each of the four TP matrices another matrix was calculated which elements were the arguments of the normal distribution. Each element of such matrix was calculated using the following formula:
where m(i,j) is the element of a matrix 
for k=1,2 and 3. In the capacity of a function U which allows to make the conclusion regarding the differences of two matrices of TP, we selected function D (1,k) . The value D(1,k) is distributed as χ 2 with 6 degrees of freedom if the matrices calculated for random sequences are being compared [34] . Then we calculated three probabilities of the fact that the random value distributed as χ 2 with 6 degrees of freedom will be greater than or equal to D (1,k) , k=1,2,3. Let us denote these probabilities P 11 , P 12 , P 13 . If two matrices are similar, then the value of D equals zero and the value of P equals 1.0. In a case when two matrices being compared are different, the value of D will be greater than zero and the value of P will be less than 1.0.
The values P 11 , P 12 and P 13 are used for further calculations used in searching for the shifts of TP phase. If the sequences S do not have insertion or deletion of bases (with a length of insertion or deletion not divisible by 3) after position x, then P 11 >P 12 and P 11 >P 13 . If insertion with a length equal to Q=3i+1 or deletion with a length equal to Q=3i+2, (i=0,1,2,…) is present, then we say that a transition from RF T 1 to RF T 2 is present after position x. Shift of the TP phase on 1 base can be observed in this case, and then P 12 >P 11 , P 12 >P 13 . If insertion with a length equal to Q=3i+2 or deletion with a length equal to Q=3i+1, (i=0,1,2,…) is present, then we may say that a transition from RF T 1 to RF T 3 is present. Shift of the TP phase on 2 bases can be observed in this case, and then P 13 >P 11 , P 13 >P 12 . It is suitable to use the values F 1 =-log 10 (P 11/ P 12 ) and F 2 =-log 10 (P 11/ P 13 ) for searching the shifts of TP phase.
We have varied the L 1 for each position x. The variation was carried out for searching such value of L 1 that gives the maximal values of F 1 or F 2 . It allows decreasing the influence of random noise on F 1 or F 2 because the TP can be different in subsequences of the sequence S. We varied the L 1 within the interval from 60 to 600 bases for each x position, and the step of variation was equal to 3 bases.
After all, we built two graphs for a sequence S on which the maximal values of F 1 or F 2 were shown for each position x. Each maximal value F 1 or F 2 was calculated for some value of L 1 .
We selected the positions x in which we have found the local maximum for F 1 or F 2 . If the value of a local maximum for F 1 or F 2 is greater than some threshold F 0 , then we consider that the sequence S has a shift of TP at position x. The threshold F 0 was calculated by using Monte-Carlo method (see Chapter 2.4).
Besides of conditions given above, we should be sure that subsequences S(x-L 1 +1, x), S(x+1, x+L 1 ), S(x+2, x+L 1 +1) and S(x+3, x+L 1 +2) possess a TP. It is the reason why we take for consideration such subsequences S (x-L 1 +1, x), S(x+1, x+L 1 ), S(x+2, x+L 1 +1) and S(x+3, x+L 1 +2) that possess explicit TP (see Chapter 2.2)
2.4
The method of Monte-Carlo for determination of the threshold F 0
We used gene sequences from the Kegg-46 data bank for determination of the thresholds F 0 and F 00 . When using F 0 , the probability that the TP phase shift is caused by the random factors is 18%, while for F 00 such a probability equals 6%. We may say that if F 1 or F 2 is greater than F 0 , then the sequence contains the TP shift, and if F 1 or F 2 is greater than F 00 , then the sequence almost definitely contains such a shift. The total number of genes in this release of Kegg was 3318628. We make the random data bank of gene sequences by the way of mixing up the sequences of each gene. It allows keeping the same distribution gene lengths and same base composition of genes as in Kegg data bank. We divided the gene sequence into three subsequences for keeping the TP in a random gene sequence on the original level. The first subsequence (denoted as C 1 ) was obtained from a gene sequence by choosing bases which were at the positions equal to i=1+3n. The second and the third subsequences C 2 and C 3 were created by choosing bases which were at the positions i=2+3n and i=3+3n, n=0,1,2…, L/3-1.
Then we made, by using the random number generator, the sequences of random numbers R 1 , R 2 and R 3 which have the length equal to L/3. We performed the sorting in ascending order of sequences R 1 , R 2 and R 3 and recorded the order of permutation made in each sequence. After it we permutated the bases in sequences C 1 , C 2 and C 3 as we have done it for the sequences R 1 , R 2 and R 3 in the ascending order. We produced the random sequence R which had R 1 sequence at the positions i=1+3n, R 2 sequence at the positions i=2+3n and R 3 sequence at the positions i=3+3n, i=0,1,2,…, L/3-1. The length of a sequence R was equal to L and it has the same base composition as a gene sequence. We repeated this procedure for all genes from Kegg-46 data bank.
After producing the random data bank which has the same distribution of gene lengths and TP as Kegg-46 data bank, we selected two levels of F (F 0 and F 00 ) equal to 3.0 and 4.0, respectively, and calculated the number of genes which have one or more local maxima (as it is considered in the chapter 2.3) for F 1 or F 2 greater than F 0 and F 00 , respectively . This number was calculated for Kegg-46 data bank (N1) and for random data bank (N2). We found that N2≈0.06N1 and N2≈0.18N1 for the levels F 00 and F 0 , correspondingly.
Results and Discussion

The search of genes with TP phase shift in Kegg data base
We have analyzed 3318628 genes from Kegg data bank [35] An example of a gene with a single shift of TP phase is shown in the Fig. 1 . It is a gene of cytochrome С from B.subtilis. As it can be seen from the Fig. 1 , the gene has local maximum of F 2 for position 850, whereas the values F 1 are not greater than 2.0 for all positions. It means that the shift between TP and RF takes place after 850 th base. This shift corresponds to the deletion of one base or insertion of two bases after position 850. We can not exclude the possibility of deletion of DNA fragment with a length equal to Q=3i+1 or insertion of DNA fragment with a length equal to Q=3i+2, where i=1,2,…It could be the reason why the upper part of the pear in fig. 1 is somewhat smooth. Pseudogenes have the largest number of shifts of TP phase, and this number equals 9554. It is not so strange because pseudogenes do not have a functional significance and mutations in pseudogenes are neutral events for cell genome and they can accumulate rapidly [1] [2] [3] . The second position in Table 1 has genes in which the shift of RF was observed earlier in other investigations. We have revealed 844 of these genes. This fact is additional argument that shifts of RF in real sequences can be found by the way of searching the shifts of TP phase. 
Search of similarities for amino acid sequences
Let us consider the genes in which we have revealed the shift of TP phase for F 0 . Let us label as x 0 the position i in which the shift of TP phase have occurred. We can consider that there is coincidence between TP and RF for i<x 0. If it is so, then the shift between TP and RF is observed for i>x 0 in a sequence S. We suppose that TP determines the RF which has existed in gene before the shift of RF, and we refer to this RF as to the ancient one. Thus in the sequence S there are two RFs -one really exists in a gene and the other is the hypothetical RF chosen on the base of the TP, or the ancient RF. If the shift of RF took place in a gene not so long ago, then the alternative version of this gene may remain in other species without shift of RF. For i>x 0 we can obtain two amino acid sequences for two RFs. The first is a really existing amino acid sequence, and the second is the hypothetical amino acid sequence which we refer to as the ancient amino acid sequence. We produced these two amino acid sequences for each gene sequence with TP phase shift. If some gene had several TP phase shifts, then we generated the ancient amino acid sequences from the first shift to the second shift, from the second shift to the third shift and so on. If the return to existing RF took place upon some shift, then such shifts were skipped. It means that we performed full reconstruction of TP shifts in gene. All these sequences were compared with amino acid sequences from Swissprot data bank [36] by using the Blast program [37] . that gives about 32 random similarities for comparison of 318329 random amino acid sequences with Swiss-prot. This number shows that the fraction of random similarities in the total number of the similarities found is insignificant. The confidence interval (95%) for the number of random similarities is {14 -50} when using the binomial distribution. We have also tested this number by the computer calculations. We produced 318329 random sequences with equal lengths and compared these sequences with the sequences from the Swiss-prot data bank. We found 58 random similarities and this value is close to 32 similarities expected from calculations using the database E-value.
Discussion
In the present work we show that the study of TP phase shifts can reveal the shifts of RF in genes. We have revealed 318329 prokaryotic and eukaryotic genes in which we may suppose the existence of TP phase shift, which constitutes ~10% from the total number of the analyzed genes. The triplet periodicity and RF were uniquely related to each other [20, 21] and some shift between them could be created due to insertions and deletions. We reveal this shift as a shift of TP phase in a gene. We think that the fraction of genes with a TP frame shift may really be much greater. The reasons why we have revealed not all the TP phase shifts are the following. Firstly, the mathematical approach developed is able to reveal relatively short deletions and insertions. The long insertions and deletions can destroy both the TP itself (4) and a similarity of TP matrices which we estimate by the (8) . Thereby the developed method misses the considerable part of genes holding long (more 50 bases) insertion or deletion that can produce the shift of RF. Secondly, the method applied works good for relatively low number of deletions and insertions in gene. If the density of insertions and deletions will be more than one event for some tens of bases, then revealing the shifts of TP phase is not always possible. It gives the situation where F 1 or F 2 are less than the threshold value F 0 for the gene. Thirdly, we use the relatively high level of triplet periodicity for sure revealing of shifts of TP phase (X 3 , (5)). The study of shifts of TP for the lower levels of X 3 probably may allow finding more genes which have F 1 or F 2 larger than the threshold value F 0.
We may suppose that in the present work we have found the lowest boundary for the number of genes in which the shift between RF and TP is possible. In reality, this number may be larger. However, even this number (~10%) is much greater than the fraction of genes with RF shift found earlier (~1%) [4] [5] [6] [7] [8] . This fact indicates that searching for RF by Blast program may be not very effective. Most likely this is related to the fact that the similarity of amino acid sequences may be insignificant due to large number of changes in them or that such amino acid sequences are simply not included in the database. It is the reason why the approach applied for the search of RF shifts, being under its further developing, seems more preferable than application of the similarity search with a help of Blast program or similar programs. Our approach does not require any additional data and is based on the gene sequences only. There always exists a possibility that the similarities are absent in the data bank because the volume of amino acid sequence data bank is limited but the RF shift existing in gene sequence. We think that complete revelation of RF shifts will be possible if we combine our method with similarity search methods. It means that we should study the genes having F 1 >F' 0 or F 2 >F' 0 , where F' 0 <F 0 . The shift of RF for these local maxima can be found if the statistically significant similarities exist for amino acid sequences produced for RF T2 and T3. Relatively small increase of F 1 or F 2 may indicate the possibility of RF shift in this case, and the fact of RF shift could be proved by the similarity search. On the other hand, the improving of the algorithm applied in present work can be directed on the using of more perfect methods for TP search, like hidden Markov models, for example. We think that the revealing of the RF shifts will be possible in various gene regions even for a large number of insertions and deletions.
It is also important to consider an issue whether TP phase shift would always indicate the RF shift in a gene. Firstly, errors of gene sequencing could produce the shifts between TP and RF, but it could be in prokaryotic and eukaryotic genes. Secondly, for eukaryotic genes a wrong determination of exon-intron borders is often possible. As a consequence, some fraction of the shifts found between TP and RF could be the result of these errors. But prokaryotic genes do not have introns and analysis of prokaryotic genes permits to exclude the influence of errors in exon-intron border determination. The number of prokaryotic genes with shifts between TP and RF are shown in Table 2 for some bacterial genomes. As it can be seen, ~3.6% of prokaryotic genes possess shifts between TP and RF. It is several times less than 10% determined for the genes from the whole Kegg-46 data bank. The reasons for this difference could be the errors in determination of exon-intron borders, greater number of sequencing errors in eukaryotic genes than in prokaryotic ones, and greater speed of shift accumulations in eukaryotic genes.
In principle, this may not be claimed with a 100% probability since there is always some small possibility left that the phase shift of gene's TP is caused by purely random factors (~18% for F 0 ) or that the phase shift is caused by the interchange of alpha-helixes and betalayers in the structures like αα, ßß, αß and ßα in a protein, where α is an alpha-helix, ß is a beta-layer, or by some other secondary or tertiary protein structures. However, if the last statement was true, we would observe the shifts of TP phase in the significantly larger fraction of amino acid sequences since such structures do also occur in proteins in which we do not observe the TP phase shift.
If we suppose that all or the most part of found TP phase shift is caused by the RF shift, then this process contributes more to the evolution of genes and proteins than it was considered earlier. This means that by no means all mutations arising in genes by RF shift are fatal for the proteins. From the functional point of view, the shifts of RF may be considered as events that can considerably change the function of the gene and the protein coded by this gene. Nevertheless, the genetic code should be adapted for these events [22, [38] [39] , and new amino acid sequences should possess some new or keep an old function upon the shift of RF. Otherwise the existence of genes with RF shifts is difficult to be explained in general because these genes should lose their function and be eliminated from a genome. In the light of these proposals, the TP could be some characteristic for natural testing of gene integrity in the genome. If gene was duplicated in the genome, then such a natural testing of the new copy could be skipped, and this opens the possibilities for evolutionary changing of the gene copy by the way of RF shift and creating the gene with a new biological function as a result.
